I. INTRODUCTION
The strive to refine the reliability of space-technology systems should be based on the use of radiation-hard electronic devices. For example, the premature death of satellites such as Razaksat 1 from Malaysia is suggested to be due to the degradation of the electrical characteristics of the satellites electronics devices when exposed to space radiation. One type of radiation that is abundant in space is the fast electrons which can harm the semiconductor devices intensely. Amongst semiconductor electronic devices, electronic devices based on silicon carbide (SiC) is known to be the most radiation-hard due to the SiC superior properties such as high band gap, high thermal conductivity, high dielectric disruptive strength, and high saturation electron drift velocity [1] - [3] . Therefore, over the last 10 years, many have presented their findings on the application of SiC-based electronics devices in high radiation environment such as radiation detector etc. especially on self-fabricated devices [4] - [8] . However, less publication is found for off the shelves diodes which are also very important due to its ease of availability and low cost.
In this context, the aim of this paper is to study the reliability of the recent technology of SiC Schottky diodes and compare the device performance between two well-recognized manufacturers in the field of semiconductor electronics i.e. INFINEON and STMICROELECTRONICS under fast electron irradiation. The knowledge from the research is important for the building of expertise in radiation hard electronic devices which can be used in aerospace etc. The knowledge in specific can be used to design radiation-hard devices for satellite missions because developing a satellite and the overall cost of launching one to space involves many millions of capitals.
II. EXPERIMENTAL METHODS
The devices studied were 4H silicon carbide Schottky diodes manufactured by Infineon Technology and STMicroelectronics. The devices part number and characteristics are given in Table I . Devices were irradiated at Malaysia Nuclear Agency (MNA), Bangi, using Electron Beam Machine (EPS-3000) with 3.0 MeV electrons and were irradiated with two different doses of 10 and 15 MGy respectively [9] ).
Total of 6 devices from each manufacturer were labeled accordingly and unbiased during the irradiation. To ensure repeatability, the irradiation was performed on three different individual devices. The effects of irradiation were examined through current density-voltage (J-V) characterization which was made with two different instruments i.e. Keithley 4200 Semiconductor Characterization System (SCS) was used to characterize the forward bias and lower currents in reverse bias; Keithley 2410 SourceMeter was used to supplement the 4200 SCS in order to extend the reverse bias measurement range to -600 V. All measurements were done at room temperature ~300 K.
III. RESULTS

A. Forward bias current density-voltage characteristics
Representative semi-log forward bias current densityvoltage characteristics are displayed in Fig. 1 (a) and (b) for typical 600 V SiC Schottky diodes from INFINEON and STMICROELECTRONICS respectively. In almost all datasets, only one characteristics from the three devices are shown due to them having similar characteristics and to improve figure clarity. The fast electrons exposure causes a decrease in forward current density in both models of Schottky diodes as shown in Fig. 1 . However, the forward characteristics for INFINEON devices at 15 MGy was not affected significantly compared to the 10 MGy devices. To compare, at the highest irradiation dose, the forward current density of INFINEON devices decreased by approximately 4.6 orders of magnitude while STMICROELECTRONICS devices decreased by approximately 8.2 orders of magnitude. These number shows that; the forward characteristics of INFINEON devices are more resistant to electron irradiation. To analyse further, we have determined the devices ideality factor, series resistance, and saturation current. All the parameters were determined by fitting the forward bias current-voltage characteristics with thermionic emission model;
I = Is [exp ((V-IRs)/(nkT/q)) -1]
In equation (1), Is represents the saturation current, q for electron charge, V for the applied voltage, Rs for the series resistance, n is the ideality factor, k is the Boltzmann's constant and T is the temperature in Kelvin. All of the obtained parameters are summarized in Table II. As a result of fast electron irradiation, we can see the notable difference in the characteristics of the Schottky diodes at 300 K as shown in Table II . Both models experienced an increment in the ideality factor where the increment is very significant for STMICROELECTRONICS devices at 15 MGy. The 1.35 ideality factor of 15 MGy STMICROELECTRONICS devices indicates that the current transportation inside the diodes is no longer depend solely on the thermionic emission mechanism [10] , [11] . On top of that, the saturation current also shows an incrementing behaviour 
and this is rather expected and has been reported by several other researchers due to the irradiation-induced defects at the metal-semiconductor interface which caused tunneling of the free carrier through the barrier [10] , [12] , [13] . Similar to ideality factor, the saturation current of 15 MGy STMICROELECTRONICS devices experienced the highest increment.
Besides that, new irradiation-induced defects have originated in the bulk of the SiC crystal and caused an increase of series resistance as observed in Table II [13] , [14] . The significant increase of series resistance from 1.45 ȍ (unirradiated) to 121 Kȍ (15 MGy) for INFINEON and 1.44 ȍ (unirradiated) to and 2.1 G ȍ (15 MGy) for STMICROELECTRONICS is what caused the decrease in the forward bias current density-voltage characteristics. Fig. 2 (a) and (b) shows the Schottky diodes reverse bias current density-voltage characteristics of INFINEON and STMICROELECTRONICS respectively. In Fig. 2 , it was observed that, with increasing voltage, the magnitude of the leakage current density increased which is believed to be related to the lowering of the Schottky barrier height [11] . Additionally, we can also see that the magnitude of the leakage current density of unirradiated devices is higher in STMICROELECTRONICS as compared to INFINEON. The difference, for example at -200 V is 13 times. This somehow indicates that INFINEON devices have better rectifying attributes especially at high voltages, and STMICROELECTRONICS have already many defects, to begin with.
B. Reverse bias current density-voltage characteristics
Apart from that, the effects of 10 and 15 MGy irradiation on the reverse bias characteristics can also be spotted clearly in both models based on Fig. 2 . For INFINEON devices, the same behaviour as in forward bias discussed earlier has been observed where there are only very little changes in the characteristics of 15 MGy as compared to the 10 MGy. It is suggested that several doses higher than 15 MGy should be applied in the future to confirm such behaviour. Besides that, comparing the reverse leakage current density-voltage characteristics of unirradiated and irradiated INFINEON devices, it can be seen that, the leakage current of irradiated devices is always higher. At -300 V, the leakage current magnitude increased approximately 1 order of magnitude. The increment can be reasoned by the emission of the free carriers thermally from the irradiation-induced defects [10] .
For STMICROELECTRONICS, the irradiation has also caused the reverse leakage current to be increased at low voltages (V -200 V). For example, at -50 V, the current density magnitude increased about 16 times at 10 MGy and 9 times at 15 MGy. The reason is believed to be attributed to the increase in the density of the irradiation-induced defect which causes the increase in the saturation current observed earlier in Table II hence enhance the free carriers flow at the interface thus excess in the reverse current at low voltage. Throughout Fig. 2 (b) , the leakage current density seems to be decreased which is probably due to annealing effects of the high irradiation doses which removed the defects observed during before irradiation [15] - [18] .
IV. CONCLUSION
This work shows that the electrical characteristics of commercial SiC Schottky diodes by INFINEON and STMICROELECTRONICS has degraded upon fast electron irradiation. It was observed that the forward current density of both models decreased with increasing irradiation dose, however, the degradation of 15 MGy of the INFINEON devices is not much of difference from the 10 MGy devices. At room temperature, we have also determined the electrical parameters of the Schottky diodes before and after irradiation. Generally, of all of the devices, the ideality factors, saturation currents, and series resistances increased with increasing dose. In particular, the increase in the series resistance is responsible for the reduction in the forward current density. Moreover, the reverse bias analysis shows that the leakage current density of INFINEON devices rises accordingly with irradiation dose, and this is also true for STMICROELECTRONICS devices at low voltages. The increase is attributed to the rise in the free carrier concentration generated by the defects acted as generation centers. In a comparison of both models, INFINEON devices show much more stable behaviour upon fast electron irradiation since the reduction observed in the forward bias current density and changes in the devices electrical characteristics are much fewer compared to STMICROELECTRONICS. The reverse bias also shows that INFINEON has lower leakage current before irradiation.
